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The variation in smectite content in the Ceno-
zoic and Quaternary sedimentary sequences in off-
shore Antarctica has been successfully employed 
to describe paleoclimatic and paleoenvironmen-
tal changes and to ascertain sediment source rocks 
(Chamley, 1989; Ehrmann, 1998; Ehrmann et al., 
2005). 
Interpretation of the genesis of smectite in ma-
rine sediments can be disputed because the mineral 
can be either detrital or authigenic. Detrital smec-
tites derive from continental soils and parent rocks, 
whilst authigenic smectites often form in sea-floor 
sediments due to submarine weathering (halmy-
rolysis) of volcanic material (Biscaye, 1965; Kastner, 
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Abstract
We have examined the nature and origin of smectites in glaciomarine sediments of the AND-2A drill core 
(McMurdo Sound, Antarctica) by means of X-ray diffraction (XRD) analyses on the clay fraction, field 
emission scanning electron microscopy (FESEM), scanning electron microscopy (SEM) observations and 
SEM-EDS microanalyses on smectite particles. Relying on the smectite variation throughout the drill core 
it was possible to split the sequence into three units. Smectites throughout the core are either detrital or 
authigenic. Detrital smectites are close to montmorillonite-beidellite in composition while newly-formed 
smectites frequently have higher Fe-Mg contents and intermediate compositions between the saponite 
and nontronite field, with lower amounts in the montmorillonite-beidellite field. In the upper sedimen-
tary sections (Unit I, and Unit II, 36–440 mbsf, 0.7–16.5 Ma) smectites are interpreted to be predominantly 
detrital, whereas in the lower portion of the core (Unit III, 440–1123.20 mbsf, 16.5–20.2 Ma) authigenic 
smectites are the most common feature. The predominance of mica, the abundance of chlorite, and the na-
ture of smectites in the upper units indicate physical weathering under cold and dry climate, and a domi-
nant provenance for the clay minerals from the Transantarctic Mountains. Smectites in the lower unit are 
considered mostly authigenic and they are most likely to be the result of early diagenetic processes, be-
ing formed from the alteration of volcanic material (glass, pyroxenes and feldspars) and/or through pre-
cipitation from fluids of a possible hydrothermal origin. Our survey attests to the importance of discrimi-
nating between a detrital and authigenic nature of smectites as the occurrence of authigenic clay minerals 
in ancient sedimentary successions might lead to incorrect paleoclimatic interpretations, since they can be 
affected by diagenetic processes, thus obliterating the climatic signal. 
Keywords: smectites, hydrothermal, volcanic, ANDRILL, McMurdo Sound, Antarctica, FESEM
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1981; Chamley, 1989) and by direct precipitation 
from hydrothermal fluids (Moorby & Cronan, 1983; 
Cole & Shaw, 1983; Huertas et al., 2000). Only de-
trital smectites are indicative of paleoenvironment, 
provenance and transport (Chamley, 1989; Singer, 
1984), while authigenic smectites can provide in-
formation on geochemistry of the sedimentary en-
vironment and on post-depositional changes during 
diagenesis. 
The distinction between authigenic and detri-
tal smectites is usually based on habit and chemi-
cal composition (Chamley, 1989; Singer, 1984; Hill-
ier, 1995). Authigenic smectites usually occur as 
newly-formed phases on glass shards or volcanic 
minerals; they show hairy-shape features or honey-
comb structures (Chamley, 1989; Buatier et al., 2002) 
and belong to the saponite and nontronite series 
(Setti et al., 2000; Ehrmann et al., 2005, Manuella et 
al., 2012). On the contrary, detrital smectites often 
belong to the aluminous montmorillonite-beidel-
lite series and show flaky structures (Setti et al., 2000; 
Ehrmann et al., 2005). Nevertheless, montmorillon-
ites and beidellites can also represent the product 
of neoformation from the hydrolysis weathering of 
primary minerals such as feldspars and muscovite 
(Fesharaki et al., 2007). 
Several possibilities typically exist for the origin 
of authigenic smectites: alteration of volcanic rocks 
and glass (Hein & Scholl, 1978; Kurnosov et al. 1982; 
Cole & Shaw, 1983; Do Campo et al., 2010), direct 
precipitation from hydrothermal fluids, the low-
temperature combination of Fe-oxyhydroxide and 
biogenic silica (Cole, 1985; Chamley, 1989 and ref-
erence therein; Cuadros et al. 2011) or early diagen-
esis, are probable mechanisms through which smec-
tite could have formed. 
The AND-2A drill site is situated in an ice-prox-
imal position in the southern part of McMurdo 
Sound, ~30 km west of McMurdo Station (77° 
45.488′S; 165° 16.613′E, Figure 1), where the depo-
sitional system is influenced by the East Antarctic 
Ice Sheet outlet glaciers to the west and by the Ross 
Ice Shelf to the south. The AND-2A core was drilled 
down to 1138.54 m below the sea floor (mbsf) at the 
southern margin of the Victoria Land Basin (Har-
wood et al., 2009) and recovered sediments which 
span from 20 Ma to the present in age. 
In this survey the morphological and composi-
tional features of the smectites of the AND-2A core 
have been examined in detail and also compared 
with smectites of other sedimentary sequences from 
the McMurdo Sound. 
Textural and morphological analysis by scan-
ning electron microscopy is essential for recogniz-
ing diagenetic reactions (such as smectite authigen-
esis) and for identifying reworked clay minerals, 
and thus for determining whether the clay mineral 
assemblages could be interpreted in terms of paleo-
climate. In order to determine the relative impor-
tance of volcanic and climatic factors, and to avoid 
erroneous interpretations, we present an integrated 
approach using X-ray diffraction, scanning electron 
microscopy, and field emission scanning electron 
microscopy analyses of fine-grained samples. 
Study Area and Geological Background
The southern McMurdo Sound is delimited to 
the west by a sector of the Transantarctic Mountains 
(TAM), a 4 km high mountain range acting as an 
obstacle to the direct flow of the East Antarctic Ice 
Sheet into the Ross Sea, and largely uplifted start-
ing at ∼55 Ma as a consequence of the west Antarc-
tic Rift System evolution (Fitzgerald, 2002). On the 
other hand, the southern and eastern sides are char-
acterized by extensive volcanic centers belonging to 
the Cenozoic alkaline McMurdo Volcanic Group–
Erebus Volcanic Province (Kyle, 1990; Figure 1). 
The Transantarctic Mountains are composed of 
a Late Precambrian to Early Paleozoic crystalline 
basement which formed during the Ross Orogeny 
and mostly outcrop along the coastal area, overlain 
by a cover complex confined to the inner part of the 
on-shore region (Figure 1; modified after Giorgetti 
et al., 2009). 
The stratigraphy of AND-2A relies on a combi-
nation of biostratigraphy, magnetostratigraphy and 
radiogenic isotope dating of tephra and other volca-
nic materials (Acton et al., 2008-2009). Three distinct 
stratigraphic intervals separated by major discon-
formities have been recognized (Acton et al., 2008-
2009, with modifications reported by the ANDRILL 
SMS Science Team, 2010): (1) an Early Miocene suc-
cession (from bottom of the core to ~300 mbsf); (2) 
a Middle Miocene interval (from ~300 to 225 mbsf) 
characterized by a well constrained age model; and 
(3) a Late Miocene to Pliocene succession (from 
225 mbsf to the top of the core) with several hia-
tuses which represent a total 9 to 11 million years 
of time missing from the sedimentary sequence re-
cord (Harwood et al., 2009; Acton et al., 2008-2009, 
with modifications reported by the ANDRILL SMS 
Science Team, 2010). 
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Figure 1. Map of the McMurdo Sound area. The filled grey square on Antarctica refers to the enlarged picture. Dot, drill 
site; MRSI, McMurdo/Ross ice shelf; TAM-SVL, Transantarctic Mountains, Southern Victoria Land; F, Ferrar Glacier; B, 
Blue Glacier; K, Koettlitz Glacier; S, Skelton Glacier; M, Mulock Glacier; BP, Brown Peninsula; WI, White Island; BI, Black 
Island; ME, Mt Erebus; MT, Mt Terror; MB, Mt Bird. Koettlitz Group mainly outcrops between the Skelton and the Koet-
tlitz area. Lines indicate the modern ice flow (see Bentley, 1998; Denton & Hughes, 2000). 
484  Iac o v I e llo, GI o rG e tt I,  NI eto, & Me MMI I N Cl a y Mi n er a l s  47 (2012) 
The recovered glaciomarine succession is sub-
divided into fourteen lithostratigraphic units 
(LSUs), including thirteen lithofacies (Fielding et 
al., 2008-2009, 2011), which range from rare diato-
mites to diamictites and conglomerates (represent-
ing most ice-distal and most ice-proximal environ-
ments, respectively, Fielding et al., 2011; Passchier 
et al., 2011). The sedimentary succession also con-
tains sandstones and mudrocks, volcanic lava, py-
roclastic and reworked volcanic sedimentary rocks, 
proving that volcanic material is persistent through-
out the AND-2A core; it is the dominant clast type 
(>50%) in nine of the 14 lithostratigraphic units and 
includes, in order of relative abundance, volcanic 
sediments, juvenile magmatic clasts (i.e. pyroclasts) 
and lava (Panter et al., 2008-2009). 
Volcanic glass is a prominent component and 
ranges from blocky and cuspate brown mafic 
shards to long tube white pumice and blocky alka-
line green shards. The glass composition changes 
down core. Brown mafic glass is present in all of the 
samples examined down core. White pumice glass 
comes in at LSU 4 at ~125 mbsf. Alkaline green 
glass is added ~450 m down the core in LSU 8.1 
(Panter et al. 2008-2009). 
The sediments between 1138.54 and ~440 mbsf 
consist of an alternation of diamictite-dominated 
units and units dominated by siltstones and sand-
stones. Within this succession a homogeneous and 
thick mudstone unit occurs at 900–780 mbsf. Be-
tween ~440 and 36 mbsf the core is characterized 
mainly by thick diamictites and thin intercalated 
sandstones. A zone of finer grained lithologies with 
some diatomites occurs within the sequence at 340–
300 mbsf. Mixed volcanic rocks form the top of 
AND-2A above 36 mbsf (Fielding et al., 2008-2009, 
2011; Del Carlo et al., 2009; Di Vincenzo et al., 2010). 
Materials and Methods
A total of 169 sediment samples of the AND-2A 
core, starting from 36 mbsf to 1123.20 mbsf, were 
analyzed for their clay mineral composition by 
XRD. Sample spacing was approximately 6 m. 
For each sample, 10 cm3 of sediment were 
crushed, then washed by double centrifugation 
with 400 ml of deionized water in order to remove 
halite (NaCl). They were further gently disaggre-
gated by magnetic stirrer agitation for 30 min per 
sample and sieved through a 63 μm sieve. Sep-
aration of the clay fraction (<2 μm) was achieved 
through Stokes’ law settling procedures in glass 
tubes and the analyses were performed follow-
ing standard procedures (Ehrmann et al., 1992; 
Petschick et al., 1996). XRD measurements were 
conducted on texturally oriented samples with 
an automated Philips PW1710 powder diffraction 
control system, coupled with a PW1820 generator, 
using Cu-Kα radiation (40 kV, 20 mA). Each sam-
ple was analyzed between 4° 2θ and 40° 2θ, with 
a step size of 0.02° 2θ, in the air-dry state and af-
ter ethylene glycol solvation. In addition, a slow 
scan, between 23° 2θ and 25.5° 2θ, with a step size 
of 0.005 °2θ, was performed on the ethylenegly-
colated samples to achieve a better resolution of 
the chlorite (004)-kaolinite (002) twin peak. The 
diffractograms were processed using ”MacDiff” 
software (Petschick, 2001), which permits a rapid 
deconvolution of peaks for the separation of con-
tributions of minerals with similar spacing, such as 
kaolinite and chlorite. The abundance of the prin-
cipal clay minerals (smectite, illite, chlorite and 
kaolinite) was semi-quantitatively estimated by 
calculating the peak areas of their main basal re-
flections in the glycolated state: smectite at 17 Å, il-
lite at 10 and 5 Å, chlorite at 14.2, 7 and 3.54 Å and 
kaolinite at 7 and 3.57 Å (Petschick et al., 1996). The 
percentages of each clay mineral were computed 
using empirically estimated weighting factors on 
the integrated peak areas of the individual clay 
mineral reflections (Biscaye, 1965). Clay mineral 
percentage standard deviations were calculated to 
be: illite ± 1%, smectite ± 1%, chlorite ± 2.5% and 
kaolinite ± 2%. 
Scanning electron microscope observations and 
chemical microanalyses were carried out on 40 se-
lected polished thin sections using a Philips® XL30 
device operated at 20 kV and equipped with an 
EDAX energy-dispersive (EDS) X-ray spectrometer 
(Dipartimento di Scienze della Terra, University of 
Siena). Energy-dispersive microanalyses have been 
used to calculate the structural formulae of smec-
tites on the basis of O10(OH)2. 
Field emission scanning electron microscope in-
vestigations were carried out on ten rock chip se-
lected samples by a LEO (Carl Zeiss) 1530 GEMINI 
(Centro de Instrumentación Científica, University 
of Granada, CIC) operated at 10 kV and equipped 
with an Oxford INCA 200 microanalysis system. 
FESEM allows higher magnification (up to 900 k×) 
compared to traditional SEM and thus yields better 
resolution of clay particle micromorphologies. Sed-
iment samples for SEM and FESEM investigations 
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were selected on the basis of their clay mineral per-
centage distribution. In order to achieve a coherent 
investigation, we chose samples of different lithol-
ogy (diamictites, sandstone, mudstones and vol-
canic-bearing diamictites) and for each lithology, 
samples with high smectite content, similar smec-
tite-illite ratios and low smectite content. 
Results
Clay mineral distribution
The most abundant clay minerals in sediments of 
the AND-2A drill core are illite and smectite. Illite 
content ranges between 0 and 91% and it is nega-
tively correlated (R2 = –0.93) with smectite content 
(which ranges between 1 and 100%). Chlorite is sel-
dom more than 30% and kaolinite is absent or pres-
ent only in traces (< 4%). 
Figure 2 shows the down-core clay mineral vari-
ations. Due to these variations it was possible to dis-
tinguish three units. In Unit I (36–225 mbsf, 0.7–
15 Ma) smectite and illite are reasonably constant 
(average of 35 and 41% respectively) and chlorite 
shows large fluctuations. In Unit II (225–440 mbsf, 
15–16.5 Ma) the smectite content decreases (aver-
age of 9%) and the illite content increases (average 
of 72%), while chlorite decreases slightly and shows 
lower fluctuations. Unit III (440–1123 mbsf, 16.5–
20.2 Ma) is characterized by large smectite-illite 
fluctuations, while chlorite displays moderate fluc-
tuations with an average value of 14 %. 
These results are in agreement with those re-
ported by Franke & Ehrmann (2010) for the same 
drilling-core, although with slight differences in 
clay mineral percentages. 
Smectite morphology and composition
Scanning electron microscope and FESEM ob-
servations on the clay mineral fraction showed 
that the smectites of AND-2A sediments display 
both hairy and honeycomb structures (Vitali et al., 
1999; Ehrmann et al., 2005, Fesharaki et al., 2007) as 
well as flaky shapes; such forms have also been rec-
ognized in the CRP-1, 2, 3 cores and in other re-
cords from the Ross Sea (Setti et al., 1997, 1998, 
2000; Ehrmann, 2000, 2001; Ehrmann et al., 2003). 
Flaky shapes are considered to be of detrital or-
igin and are mostly typical of alkaline smectites 
or beidellites, forms usually found in soils. Hairy 
and honeycomb smectites frequently occur in ma-
rine sediments. Because of their morphology, these 
shapes are fragile and have been considered to 
be authigenic (Chamley, 1989; Vitali et al., 1999; 
de la Fuente et al., 2000; Ehrmann et al., 2005, Fe-
sharaki et al., 2007). We define authigenic smec-
tites as those crystals that coat grains, that replace 
other minerals or grow over them and that showed 
hairy shape or honeycomb structures. Detrital smec-
tites are more difficult to identify because they do 
not show such peculiar features. However, we de-
fine detrital smectites as those crystals in the fine-
grained matrix showing no textural relation with 
glass or other volcanic fragments and that present 
platy morphologies. 
Figures 3a and 3b show both detrital and authi-
genic smectites from sample 124.97 mbsf (Unit I). 
Figure 3a displays authigenic smectites that com-
pletely replace a glass shard. In the upper portion 
of the image detrital smectites are also present. 
Figure 3b shows a FESEM-SE image of the same 
sample; a flaky structure typical of detrital origin 
is easily recognized. A platy morphology of smec-
tites is clearly observable and some crystallites 
show rounded edge shapes. Such structures are 
very similar to other ones interpreted by Ehrmann 
et al. (2005) as detrital. 
Figures 3c and 3d show authigenic smectites 
from sample 315.00 mbsf (Unit II). We observed 
crystals of K-feldspars (3c) and pyroxenes (3d) that 
constitute the parent material for authigenic smec-
tites. This fact is in agreement with experimental 
studies by Drief et al. (2001), who demonstrated that 
the alteration mechanism and the sequence of feld-
spar transformation into clays are controlled by dis-
solution-reprecipitation processes. These authors 
also showed that the chemical nature of the newly 
formed smectite is determined by the composition 
of the parent mineral. 
Detrital smectites usually constitute the matrix 
of the sediments (Figure 3e). On the contrary, authi-
genic smectites occur as coating on detrital grain or 
develop in pore cavities (Figure 3f). 
Figures 3g and 3h display authigenic smectites 
of Unit III from samples 775.00 and 1113.02 respec-
tively. Figure 3g shows hairy shape smectites replac-
ing a highly altered glass shard. 
FESEM investigations emphasize smectite fea-
tures that are clearly different from those observed 
in Figure 3b. In particular, we observed a feldspar 
grain with a typical honeycomb shape (Figure 3h), 
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a characteristic feature of newly-formed smectites; 
in contrast to the flaky feature typical of detrital 
smectites, honeycomb shapes show warped edges 
and a very delicate structure. Our morphologic in-
vestigations are very similar to those obtained by 
Fesharaki et al. (2007); these authors recognized 
the partial dissolution of feldspars with honeycomb 
smectite of montmorillonitic composition grown 
on them. 
In Table 1 the chemical compositions of smectites 
in the AND-2A drill core are reported. An authi-
genic or detrital origin has been assigned to the an-
alyzed smectites taking into account their morpho-
logical features. In polished thin section, authigenic 
smectites are easily recognizable because they occur 
as radial rims around grains or with a filamentous 
shape (hairy shape). A combined SEM-FESEM obser-
vation was needed to ascertain quite clearly the de-
trital nature of the smectites. 
The composition of the smectites is extremely 
variable, ranging from Al-rich smectites to Mg-
Ferich smectites. In each unit, smectites are charac-
terized by the presence of Al in both tetrahedral and 
octahedral sites and by variable substitution of Fe3+ 
and Mg for octahedral Al. Fe was assumed to be all 
ferric, since Fe2+ in smectite oxidizes very quickly 
when exposed to the atmosphere (Decarreau & Bon-
nin, 1986). 
In Figure 4, the octahedral composition (VIAl-
VIMg-VIFe diagram) of the smectites was plotted 
with respect to the three units. The usual smectite 
grain size is smaller than the spatial resolution of 
analyses by SEM; therefore most of the analyses 
probably represent the composition of a smectitic 
area than that of an individual smectite grain. In 
spite of this fact, in each unit two distinct compo-
sitional trends can be recognized: detrital smec-
tites show an Al-richer compositions, close to 
the montmorillonite-beidellite field; authigenic 
smectites have higher Fe-Mg contents and inter-
mediate compositions between the saponite and 
nontronite field. Some authigenic smectites on 
feldspar grains show relatively higher Al-rich 
composition, close to the montmorillinitic-beidel-
litic composition. 
Some of the analyses presented in Table 1 show 
high interlayer charge and/or low Si content. Such 
chemical characteristics could be a consequence of 
contamination by illite or chlorite due to the size of 
the analyzed area in relation to the small grain size 
of smectite, but they also could represent illite or il-
lite/smectite interstratified minerals. Furthermore, 
as already mentioned, detrital smectites were iden-
tified in the fine-grained matrix, and contamina-
tion by Ca, Na or K from other phases present in the 
matrix (e.g. small calcite grains, plagioclase and K-
feldspars) can occur. This could explain why some 
of the detrital smectite analyses show an interlayer 
charge >1. 
Figure 5 shows a frequency histogram of octahe-
dral site occupancy of detrital and authigenic smec-
tites. Detrital smectites belong predominantly to 
class 1.90–2.09, thus confirming the dioctahedral na-
ture of this phyllosilicate. On the contrary, authi-
genic smectites show a more variable behavior and 
most of the values fall into class 2.50–2.69; our data 
probably represent analyses of intimately mixed 
species (Abad et al., 2003; Jiménez-Millán et al., 
2008), therefore representing mixed compositions 
with a predominant trioctahedral character. Authi-
genic smectites have an intermediate composition 
between the dioctahedral and trioctahedral fields 
and a minor number of analyses clearly correspond-
ing to dioctahedral compositions. The limit between 
the detrital and authigenic smectitic areas seems to 
fall in the class 2.10–2.29. 
Figure 3 (page 488). SEM and FESEM images of authigenic and detrital smectite from Units I and II. SEM-BSE image a 
shows a glass shard completely replaced by authigenic smectite (Sm, white arrows); in the upper part of the image detri-
tal smectites (Sm) are shown (sample 124.97 mbsf, Unit I). b shows a FESEM-SE image of detrital smectites (Sm) from sam-
ple 124.97 mbsf (Unit I). c shows a SEM-BSE image displaying smectite assemblages (Sm) of neoformation origin from 
sample 315.00 mbsf (Unit II). d (SEM-BSE) shows neoformation smectite replacing a pyroxene (Px) in sample 315.00 mbsf 
(Unit II). Mineral abbreviations after Kretz (1983). SEM and FESEM images of authigenic smectite from Unit III. SEM-BSE 
image e displays detrital smectite assemblage (Sm, white arrows), in sample 695.95 mbsf. f (SEM-BSE) shows a hairy shape 
feature characteristic of authigenic smectites (Sm, white arrows) in sample 749.99 mbsf. g (SEM-BSE) displays a partial re-
placement of a glass shard by newly formed smectite (Sm, white arrows) in sample 775.00 mbsf. h shows a FESEM-SE im-
age displaying honeycomb structure characteristic of authigenic smectite (Sm) from sample 1113.02 mbsf. Mineral abbrevi-
ations after Kretz (1983) except gl: glass. 
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Figure 6 shows the evolution of the chemical 
composition of smectites with depth. An increase of 
the trioctahedral character from top to the bottom 
of the sequence can be recognized by the higher Mg 
content and particularly by the increase of octahe-
dral site occupancy. The change in Fe content is less 
obvious, the chemical change with depth affecting 
the saponitic component more than the nontronitic 
component. The most significant change in compo-
sition is concentrated in the range between 400 and 
600 mbsf (Figure 6). 
Discussion and Conclusion
The clay mineral assemblage of sediments from 
the AND-2A drill core is dominated by smectite 
and illite with minor chlorite and traces of kaolin-
ite. Smectite and illite show the greatest variations 
in relative proportions. 
In marine sediments, clay mineral assemblages 
are mainly controlled by source rock compositions, 
physical-chemical weathering, transport and depo-
sitional mechanisms (Biscaye, 1965; Ehrmann et al., 
1992; Diekmann et al., 1996). Source areas and the 
type of weathering control the different clay min-
eral assemblages, while transport and sedimenta-
tion mechanisms may cause a selective enrichment 
of the different mineralogical phases. Consequently, 
clay minerals from Antarctic marine sediments have 
been interpreted as reflecting changes in source ar-
eas as tracers of paleo-ice stream directions (Petsch-
ick et al., 1996), as a check on weathering styles in 
respect to paleoclimatic changes (Ehrmann & Mack-
ensen, 1992; Ehrmann, 1998), and for paleocean-
ographic reconstructions (Diekmann et al., 1996). 
Recent studies on clay minerals in the sequences 
collected near Cape Roberts have attempted to dis-
criminate detrital and authigenic clay minerals 
(Setti et al., 2001, 2004; Wise et al. 2001; Ehrmann et 
al., 2005; Giorgetti et al., 2007), as only detrital clays 
can be used as paleoclimatic indicators. Conversely, 
authigenic clay minerals may provide indications of 
post-sedimentary processes and geochemical con-
ditions of evolution (Chamley, 1989; Weaver, 1989; 
Setti et al., 2004; Ehrmann et al. 2005). Franke & Eh-
rmann (2010) carried out a semi-quantitative anal-
ysis of the clay mineral assemblages in sediments 
from the ANDRILL AND-2A drill core, but they did 
not focus on a detailed and systematic observation 
of authigenic and detrital smectites and on their 
chemistry. The occurrence of authigenic clay min-
erals may in fact lead to incorrect paleoclimatic in-
Figure 4. Ternary AlVI–Mg–Fe diagram of octahedral site 
composition of the smectites from different units (black 
circles indicate authigenic smectites, while white circles 
display detrital smectites). The montmorillonite-beidellite 
field usually includes detrital smectites, while the saponite 
and nontronite fields comprise authigenic phases. 
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terpretations (Do Campo et al., 2010). Therefore we 
focused on differentiating between detrital and au-
thigenic phases. 
In the upper part of the sedimentary sequence, 
corresponding to Unit I (36–225 mbsf) and Unit II 
(225–440 mbsf), smectites are both detrital and au-
thigenic; the detrital ones have a chemistry close to 
the montmorillonite and beidellite field, showing a 
flaky structure, generally considered of detrital ori-
gin (Setti et al., 2000; Ehrmann et al., 2005). Most of 
the authigenic smectites show Mg-Fe-rich composi-
tions associated with hairy shape and honeycomb fea-
ture, regarded to be of neoformation origin (Cham-
ley, 1989; Buatier et al., 2002). 
Figure 5. Frequency histogram of octahedral site occupancy of detrital and authigenic smectites.
Figure 6. Plot of the chemical composition of smectites with depth (black circles indicate authigenic smectites, white cir-
cles display detrital smectites). 
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In the lower part of the drill core, Unit III (440–
1123 mbsf), detrital and authigenic smectites are 
also recognized displaying the same morphologic 
features of smectites from Unit I and II, while the 
chemistry of both detrital and authigenic smectitic 
areas seems to change slightly, starting from ~440 
mbsf (Figure 6). 
Detrital and authigenic smectitic areas from Unit 
III show a slightly lower content of Al and the chem-
ical composition of authigenic smectite is closer to 
the saponite-nontronite series, which implies that 
the proportion of Mg-rich and Fe-rich smectites in 
the analyzed areas has increased in relation to that 
of beidellite-montmorillonite. However, the com-
position of honeycomb authigenic smectites grown 
on feldspar grains (i.e. 1113.02 mbsf) is richer in Al, 
which is related to the influence of the parent ma-
terial on the chemical nature of the newly formed 
smectite (Drief et al., 2001). 
The increase in Mg and Fe-rich smectite in re-
spect to Al-rich smectite may be explained by a dif-
ferent fluid circulation regime, and/or by early 
diagenesis. Evidence for the fluid circulation hy-
pothesis can be found in the presence of fractures, 
generally filled by authigenic smectites (Figure 7a), 
and iron sulfide (pyrite) formation of probable early 
diagenetic origin (Figure 7b). This scenario is coher-
ent with a mechanism of fluid circulation proposed 
by other authors who carried out textural investiga-
tions on authigenic smectites in the CRP-3 Project 
(Wise et al., 2001; Giorgetti et al., 2007). In particu-
lar, Giorgetti et al. (2007) found that authigenic clay 
assemblages do not change downcore, but they do 
vary in chemically different rocks, i.e. newly formed 
dioctahedral smectites occur in sediments, whereas 
newly formed trioctahedral smectites are dominant 
in mafic rocks. Manuella et al. (2012) found that sap-
onite-rich clays of the Hyblean Plateau (Sicily, Italy) 
were produced by the mixing of high-temperature 
hydrothermal fluids with cold seawater. 
Pyrite is a common mineral product of early dia-
genesis in organic-rich sediments. It results from 
the reaction of sulfide (produced via bacterial sul-
fate reduction; Berner, 1970, 1980) with either Fe3+ 
in sediments or Fe2+ produced by bacterial Fe3+ re-
duction (Lovley, 1991). 
Fielding et al. (2008-2009) found during core de-
scription, using smear-slide analysis and thin sec-
tion petrography, that pyrite is almost absent above 
430 mbsf, but it becomes common to abundant at 
greater depths. In some intervals (∼555–597 mbsf; 
∼775–828 mbsf; ~958–1011 mbsf and below ~1043 
mbsf) pyrite imparts a black color to the sediments 
and obscures primary sedimentary features. In ad-
dition, below ∼440 mbsf a coarser form of pyrite oc-
curs alone or in association with calcite and other 
minerals within late-stage fractures. 
Our findings confirm the observations on the 
AND-2A drill core by Fielding et al. (2008-2009); 
SEM investigations enabled us to identify pyrite in 
association with newly-formed smectite and calcite 
(Figure 7b). It is noteworthy that the higher smec-
tite contents occur in the zone of pyritization (Fig-
ure 2) described by Fielding et al. (2008-2009). In 
Figure 7. (a) SEM-BSE image showing a fracture in a K-feldspar grain (Kfs) filled by hairy shape smectite (Sm) of authigenic 
origin in sample 775.00 (Unit III). Mineral abbreviations after Kretz (1983). (b) SEM-BSE image of sample 825.80 (Unit III) 
showing a newly-formed hairy shape smectite (Sm) in association with framboidal pyrite (Py) and authigenic calcite (Cal). 
Mineral abbreviations after Kretz (1983). 
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these intervals authigenic smectite close to sapo-
nitic-nontronitic in composition are also predom-
inant, thus confirming a possible correlation to 
fluid circulation and to early diagenetic processes. 
The upper part of the sedimentary succession, 
corresponding to Unit I and Unit II, is character-
ized by a lesser influence of diagenetic processes, 
as testified by the low percentage of diagenetic cal-
cite observed in smear-slide analysis by Fielding et 
al. (2008-2009) and the absence of diagenetic pyrite. 
In these two units, illite and chlorite, which are de-
trital clays, reach the highest content. These features 
indicate the dominant detrital nature of these sedi-
ments and the near absence of diagenesis in the up-
per part of the core. 
Another significant change in the behavior of the 
smectite/illite ratio along the stratigraphic column 
is that Units I and II show a quite stable ratio in 
general, with a relatively low smectite content and 
higher illite content, but in Unit III the changes in 
the ratio are abrupt from sample to sample. Further-
more, in Unit III the samples with low smectite con-
tent present clay mineral content values very similar 
to those of Units I and II, whereas some other sam-
ples, randomly distributed along the Unit III, show 
smectite contents three or four times higher than the 
former, reaching in some cases values near 100%. A 
similar scenario was described by Do Campo et al 
(2010) for the beginning of the volcanic activity in 
the Paleogene Andean foreland of northwestern Ar-
gentina. SEM textural images, mineral composition 
and smectite chemical data demonstrated that the 
samples had anomalously high smectite contents 
and represented episodes of volcanic input to the 
basin. The remainder of the samples showed a low 
smectite content of detrital origin. In a similar way, 
we interpret that in the samples showing low smec-
tite content of all the units of the AND-2A drill core, 
the detrital origin of smectite is the predominant 
mechanism and the peaks showing major smectite 
content in Unit III reflect some influence of volca-
nic activity. 
Another important clue supporting the hy-
pothesis of volcanic influence is the Mg- and Fe-
rich composition of authigenic smectite. Chamley 
(1989) has reported that Mg and Fe-Mg smectite 
are the main clay minerals derived from subma-
rine alteration of volcanic rocks. As already men-
tioned, volcanic material is persistent throughout 
the AND-2A core and is the dominant clast type 
(>50%) in nine of the 14 lithostratigraphic units 
(Panter et al., 2008-2009). AND-2A fresh glass is 
mafic, strongly Si-undersaturated and very sim-
ilar to mafic-intermediate EVP (Erebus Volcanic 
Province) whole-rock data (Nyland et al., 2011). 
Most of the lava clasts from LSU 1 are mafic and 
Si-undersaturated; whole-rock compositions vary 
from basanite (AND-2A 10.22) to tephrite and 
hawaiite. 
Franke & Ehrmann (2010) have compared the 
smectite concentrations with the number of volca-
nic clasts in the sediments from the same drill core 
studied here. In some intervals, smectite peaks cor-
relate with large numbers of volcanic clasts and 
they may be interpreted as resulting from produc-
tive volcanic activity and/or a major influx of vol-
canic erosional products from the south. In con-
trast, in other intervals smectite peaks correlate 
with small numbers of volcanic clasts. In these in-
tervals, the high smectite contents are evidently 
not caused by volcanic activity and/or erosion of 
volcanic material. The occurrence of authigenic 
smectites and other minerals (calcite and framboi-
dal pyrite) in these intervals indicates that the high 
smectite contents were probably caused by diage-
netic processes. 
Previous investigations of submarine diagene-
sis in volcaniclastic successions from Ocean Drilling 
Program Leg 126, similar to that investigated by the 
ANDRILL Southern McMurdo Sound project, dem-
onstrate that the principle alteration processes are 
the formation of hydrous secondary minerals such 
as phyllosilicates and zeolites, with calcite precipi-
tation and the hydration of volcanic glass (Marsa-
glia & Tazaki, 1992; Gifkins et al., 2005). 
The change with depth of the alteration prod-
ucts (Figure 6) is characteristic of a diffuse hydro-
thermal ore complex, indicating proximity to ac-
tive volcanic complexes. This explanation is also 
corroborated by a high geothermal gradient in-
ferred from the high down-hole temperatures. 
Wonik et al. (2008-2009) reported an exceptionally 
high temperature for the AND-2A drill core. The 
temperature gradient shows two trends: from 0 
to ~1000 mbsf it is ~44°C km–1, while in the lower 
portion of the core it increases to 65°C km–1. For 
comparison, the temperature gradient in CRP-3 
was of the order of 25°C km–1. 
Smectites in AND-2A drill core show very high 
composition variability, with many analyses well 
in the compositional gap between di- and tri-octa-
hedral smectites, which supports the fact that authi-
genic and detrital phases are both present and inti-
mately mixed. 
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Some of the smectite analyses show high inter-
layer charge and/or low Si content, chemical char-
acteristics which could represent illite/smectite in-
terstratified minerals as well as illites. Even if a 
detailed transmission electron microscopy (TEM) 
survey confirmed or ruled out such interstratifi-
cation, their presence in the McMurdo sediments 
would not be unusual. Metamorphic rocks are ex-
posed in the Transantarctic Mountains, including 
low-grade metasedimentary rocks of the Skelton 
Group in the area near the Skelton Glacier (Cook & 
Craw, 2002). Such rocks could have supplied illite/
smectite interstratified minerals to the sedimentary 
basin, typical components of very low-grade meta-
morphic rocks. Also, some of the authigenic smec-
tites linked to hydrothermal processes (see below) 
could have reached a slightly higher temperature, 
developing an incipient illite mixed-layering. Fur-
thermore, we have to take into account the possi-
bility of analytical contamination by Ca, Na and 
K from other mineralogical phases. In the whole 
AND-2A drill core, in fact, both calcite and feld-
spars are widespread from the top to the bottom of 
the succession (Figures 7a & 7b). 
Although authigenic smectite occurs through-
out the core, smectites from sediments in Units I 
and II are predominantly detrital and they formed 
through weathering of volcanogenic source rocks. 
Detrital smectites are essentially dioctahedral Fe-Al 
members of the beidellite-montmorillonite-nontron-
ite series. 
Newly formed smectites in the central and the 
lower part (Unit III) of the sequence are richer in Mg 
and Fe and poorer in Al, and their compositional 
fields are closer to the saponite and nontronite field. 
The presence of authigenic smectites in the cen-
tral and lower part of the sequence is presumably 
due to early diagenetic processes and/or to altera-
tion of volcanic rock fragments and glass shards, or 
precipitation from solutions. Furthermore, in a sim-
ilar way to the processes described by Cuadros et al. 
(2011) in the triple junction of the Pacific, Antarc-
tic and Nazca plates and by Manuella et al. (2012) in 
the Hyblean Plateau, hydrothermalism should have 
played an important role in the formation of authi-
genic smectites in the McMurdo Sound. 
This study attest to the importance of clearly de-
termining the nature of clay mineral assemblages 
from marine sediments since they can represent an 
important proxy of paleoclimatic and paleoenvi-
ronmental conditions only when they are of detri-
tal origin. 
Therefore our research confirms that FESEM-
SEM textural and morphological observations of 
fine-grained sediments are fundamental to identi-
fying whether clay minerals can be interpreted as a 
proxy of paleoclimatic conditions. 
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